INTRODUCTION
============

Control of the thermal emission spectra of emitters has attracted considerable research attention because this will result in an improvement in energy utilization efficiency, which is required in a broad range of fields, including lighting ([@R1]), energy harvesting ([@R2]), and sensing ([@R3]). For example, emitters exhibiting strong thermal emission in a desired wavelength range with low background emission ([@R3]--[@R16]) are very useful as efficient light sources for sensing and illumination. For highly efficient (solar-) thermophotovoltaic (S-TPV) energy conversion, it is essential to limit the emission spectrum to a range just below the bandgap wavelength of the target photovoltaic cell ([@R17]--[@R22]). Control of emissivity/absorptivity spectra is also effective in radiative cooling applications ([@R23]).

To obtain improved energy utilization efficiency, it is important to suppress the unused spectral component of the thermal emission to close to zero while enhancing the required component close to the blackbody limit. However, establishing this control in the near-infrared--to--visible range is difficult. To date, nanostructured refractory metal emitters have been used to achieve this goal ([@R17]--[@R22]). These emitters selectively enhance the target wavelength component of the broadband emission of free carriers, on the basis of the photonic resonance of the nanostructure. However, it is difficult to suppress longer-wavelength emission using this strategy because thermally fluctuating free carriers essentially exhibit broad emission. Recently, the utilization of highly doped semiconductors instead of refractory metals has been proposed as a means of controlling the intensity of free-carrier absorption in emitters to increase the *Q* factors of the photonic resonances ([@R24]). Although this emitter design has succeeded in yielding a narrower emission line at near-infrared wavelengths, this approach continues to suffer from strong background emission due to free carriers in the longer-wavelength range. A third, alternative approach that has also been discussed is the use of a metal filament surrounded by a wavelength-selective mirror ([@R13]--[@R16]). In the study by Ilic *et al*. ([@R16]), for example, a theoretical calculation indicates that longer-wavelength emission can be successfully returned to the filament by optimized mirrors, resulting in a theoretical luminous efficiency of 40%. However, background emission remains apparent in the experimental application demonstrated by Ilic *et al*. ([@R16]), and the difference between the visible peak intensity and the average intensity of the longer-wavelength components remains at \~3:1. In addition, there is a concern that the temperature of the selective mirrors may increase owing to material absorption at longer wavelengths and that the thermal emission from the mirror may degrade the overall device performance.

Here, we propose nanostructured intrinsic semiconductor--based thermal emitters in which the electron thermal fluctuations are first limited to the higher-frequency side of the spectrum, above the semiconductor bandgap, and are then enhanced by the photonic resonance of the structure. This double-resonance approach yields highly selective thermal emission on the shorter-wavelength side. Our theoretical calculations indicated that intrinsic Si rod-array emitters with a rod radius of 105 nm (190 nm) can convert 59% (84%) of the input power into emission shorter than 1100 nm (1800 nm) at 1400 K. We fabricated a Si rod-array emitter exhibiting a high peak emissivity of 0.77 at a wavelength of 790 nm and a low background emissivity of \<0.02 to 0.05 for the 1100- to 7000-nm wavelength range, under operation at 1273 K.

RESULTS
=======

According to Kirchhoff's radiation law ([@R25]), the absorptivity of a material is equal to its emissivity, which implies that the thermal emission spectrum of an emitter can be modified by tailoring its absorption characteristics. In our approach, the emissivity (or absorptivity) spectrum is controlled using both electronic and photonic resonances. The former approach implies that a material with an appropriate absorption coefficient spectrum should be selected. In the case of thermal emission control in the mid-infrared range, utilization of intersubband transitions in n-doped GaAs/AlGaAs quantum wells has been successful ([@R3], [@R9], [@R11], [@R12]), but this approach cannot be applied in the near-infrared--to--visible range because of limitations related to the transition wavelength and operating temperature (see the Supplementary Materials for details). Here, we used interband transitions of intrinsic Si (melting point, 1687 K) to establish control of electronic resonance in the near-infrared--to--visible range at temperatures above 1000 K (see fig. S1). We calculated the absorption coefficient spectra of intrinsic Si at various temperatures, considering both interband transitions and free-carrier absorption due to the intrinsic carriers generated at elevated temperatures (see fig. S2). We confirmed that the spectra exhibited a step-like increase at wavelengths shorter than 1.2 to 1.5 μm, even at temperatures above 1000 K (see the Supplementary Materials for details), which is desirable for near-infrared--to--visible selective emitters with suppressed emission at longer wavelengths. To control the photonic resonance, we used an array of rod-type resonators (see [Fig. 1A](#F1){ref-type="fig"}, inset). Rod-type resonators reduce the Si filling factor, which is important for the suppression of nonresonant longer-wavelength emission from the intrinsic free carriers generated at elevated temperatures. We chose a square-lattice array to decrease the interaction between the rods, such that the angular dependence of the emission wavelength was reduced, and to decrease the Si filling factor.

![Theoretical calculation results.\
(**A**) Spectral emissivity and (**B**) spectral radiance of Si rod-array emitter (solid lines) in the direction normal to the surface at 1400 K with *a* = 500 nm, *h* = 450 nm, *r* = 110 nm, and *t*~Si~ = 50 nm. The inset in (A) illustrates the emitter structure and parameters. (**C**) Radiation angle dependence of emission intensity at 1400 K for the emitter with a 1-m^2^ area. (**D**) Radiation spectra of Si rod-array emitters at 1400 K integrated over the upper hemisphere with structural parameters *a* = 500 nm, *h* = 450 nm, *r* = 110 nm, and *t*~Si~ = 50 nm (solid black line); *a* = 600 nm, *h* = 600 nm, *r* = 105 nm, and *t*~Si~ = 0 nm (solid red line); and *a* = 700 nm, *h* = 800 nm, *r* = 190 nm, and *t*~Si~ = 0 nm (solid green line). The blackbody spectrum at 1400 K integrated over the upper hemisphere (dashed line) and the irradiance of sunlight at AM1.5G (gray line) are also plotted.](1600499-F1){#F1}

We then calculated the absorptivity (emissivity) spectrum of the Si rod-array structure using the rigorous coupled-wave analysis method ([@R26]), considering the temperature dependence of the absorption coefficient and the refractive index. The structure was tuned by adjusting the lattice constant *a*, rod height *h*, rod radius *r*, and Si film thickness *t*~Si~. [Figure 1A](#F1){ref-type="fig"} shows the spectral emissivity of a Si rod-array emitter in the surface normal direction at 1400 K, with structural parameters *a* = 500 nm, *h* = 450 nm, *r* = 110 nm, and *t*~Si~ = 50 nm. An emissivity peak of close to unity is apparent at 950 nm, and emissivity at longer wavelengths is strongly suppressed (\~0.1 at 1100 nm and \<0.015 for wavelengths \>1500 nm). The corresponding spectral radiance is shown in [Fig. 1B](#F1){ref-type="fig"} where a large contrast between the intensities below and above 1100 nm is observed. The angular dependence of the emission is plotted in [Fig. 1C](#F1){ref-type="fig"}, and it is apparent that the primary emission range has no strong dependence on the radiation angle. The resonant behavior of the emitter is considered to be mainly determined by the Mie resonances of the Si rods. The total emission spectrum integrated over the upper hemisphere is more important for evaluating the energy utilization efficiency, which is indicated by the solid black line in [Fig. 1D](#F1){ref-type="fig"}. The radiation power density integrated over wavelengths shorter than 1100 nm is 1640 W/m^2^, which corresponds to 38% of the total emission power. This means that 38% of the power delivered to the emitter is reemitted as an emission component of \<1100 nm when other losses (thermal conduction, convection, and radiation from areas other than the Si nanorods) can be completely suppressed.

The longer-wavelength component is considered to originate from free-carrier absorption/emission by the intrinsic carriers in high-temperature Si (see fig. S2). To suppress this component, we explored the parameter space and obtained a structure that produces a sufficiently strong photonic resonance near 1000 nm with a reduced Si filling factor. This structure (*a* = 600 nm, *h* = 600 nm, *r* = 105 nm, and *t*~Si~ = 0 nm) yields the emission spectrum indicated by the solid red line in [Fig. 1D](#F1){ref-type="fig"}, where the emission at wavelengths longer than 1100 nm is significantly reduced compared to that of the first structure (black line). The spectrally integrated radiation power density of the second structure for wavelengths shorter than 1100 nm is 1270 W/m^2^, which corresponds to 59% of the total emission power. \[We also confirmed that the utilization of doped Si with a doping density exceeding the intrinsic carrier density at the operating temperature severely degrades the energy utilization efficiency of the emitter (see fig. S3 and table S1).\]

These emitters are suitable for use in S-TPV systems with small absorbers/heaters ([@R21]) incorporating Si solar cells (bandgap wavelength, \~1100 nm). In addition, we also designed an emitter optimized for GaSb solar cells (bandgap wavelength, \~1800 nm), with structural parameters *a* = 700 nm, *h* = 800 nm, *r* = 190 nm, and *t*~Si~ = 0 nm. The corresponding emission spectrum is indicated by the solid green line in [Fig. 1D](#F1){ref-type="fig"}. For this device, the spectrally integrated radiation power density for wavelengths shorter than 1800 nm is 7670 W/m^2^ at 1400 K, which is 84% of the total radiation power density. Note that these radiation powers are values integrated over the upper hemisphere, and the usable radiation power can be doubled if the emission to both sides is used.

Encouraged by the above theoretical results, we fabricated Si rod-array emitters and measured their thermal emission characteristics. We prepared silicon-on-insulator (SOI) substrates with a 500-nm-thick top Si layer and a 1-μm-thick SiO~2~ layer on a 700-μm-thick Si substrate. Rod-array patterns were formed on a 1-mm × 1-mm region of the top Si film using electron beam lithography and plasma etching techniques (see Materials and Methods). Three samples with *r* values of 85, 90, and 105 nm were fabricated; the other parameters were identical for each sample (*a* = 600 nm, *h* = 500 nm, and *t*~Si~ = 0 nm). Note that *h* was 500 nm rather than 600 nm because of a limitation of the prepared SOI substrate. [Figure 2A](#F2){ref-type="fig"} shows a scanning electron microscope image of a fabricated sample with *r* = 105 nm. An array of Si rods with good verticality and a high aspect ratio of \>2.3 was fabricated. The thick Si substrate underneath the Si rod-array area was removed to reduce the background emission; however, a thin SiO~2~ film (*t*~SiO2~ = 1000 nm) was left in place to support the Si rod array.

![Experimental results.\
(**A**) Scanning electron microscope image of a fabricated sample with *r* = 105 nm. (**B**) Measured thermal emissivity of Si rod arrays (solid red lines) with *r* values of 105, 90, and 85 nm at 1273 K in surface normal direction in the near-infrared range. The theoretically calculated emissivity spectra are indicated by solid blue lines. (**C**) Measured wide-range emissivity spectra of Si rod arrays at 1273 K. The emissivity peak at 4200 nm is due to absorption by CO~2~.](1600499-F2){#F2}

Optical measurements were conducted using a microscope-based spectroscopy system (see Materials and Methods). The red lines in [Fig. 2B](#F2){ref-type="fig"} show the near-infrared emissivity spectra of the samples at 1273 K, as observed in the surface normal direction. In this figure, the main emissivity peaks of the samples with *r* values of 105, 90, and 85 nm are at 915, 870, and 790 nm, respectively. For the sample with *r* = 105 nm, the peak emissivity at 915 nm is 0.62, whereas the emissivity at 1100 to 1400 nm is only 0.02 to 0.04. In addition, for the sample with *r* = 90 nm, the peak emissivity at 870 nm is 0.78, whereas the emissivity at 1100 to 1400 nm is only 0.02 to 0.04. Finally, for the sample with *r* = 85 nm, the peak emissivity at 790 nm is 0.77, with the emissivity at 1000 to 1100 nm being only 0.02 to 0.04. The blue lines in [Fig. 2B](#F2){ref-type="fig"} represent the theoretical emissivity spectra calculated for each sample, which are in agreement with the experimental spectra. Sharp peaks in theoretical calculations are considered to be averaged out in the experiment because of fluctuations of the fabricated structures. On the basis of this agreement, it is expected that the experimental emission spectrum integrated for the upper hemisphere will be similar to the theoretical results shown in [Fig. 1D](#F1){ref-type="fig"}.

[Figure 2C](#F2){ref-type="fig"} shows the corresponding wide-range emissivity spectra, where the data in the mid-infrared range (1600 to 8000 nm) were measured using a Fourier transform infrared (FTIR) spectrometer. The emissivity is strongly suppressed to values below 0.02 for 1200 to 4800 nm and below 0.05 for 4800 to 7000 nm. The emissivity peak at 4200 nm is due to the absorption lines of the CO~2~ in the surrounding air. Note that the increase in the emissivity at wavelengths greater than 4800 nm is due to the 1000-nm-thick SiO~2~ layer supporting the Si rods (see the SiO~2~ absorption spectrum in fig. S2). This emission can be avoided by using a transparent substrate, such as sapphire or MgO. Note that no such problems are apparent in the emissivity spectrum tail on the short-wavelength side. This is because the actual emission intensity here is cropped by the blackbody radiation tail, as shown in [Fig. 1](#F1){ref-type="fig"} (B to D).

DISCUSSION
==========

The results obtained here demonstrate that simultaneous utilization of the Si electronic interband resonance and the photonic resonance of the rod-array structure facilitates the realization of highly selective and tunable near-infrared--to--visible thermal emitters. Although the emitters investigated here have a surface area of 1 mm^2^, these simple rod-array patterns can be scaled to larger areas using nanoimprint lithography techniques and transparent substrates. In addition, the durability of the emitters can be increased by coating Si rods with thin Al~2~O~3~ using an atomic layer deposition technique.

CONCLUSION
==========

We investigated selective thermal emitters that use the Si interband transition and the optical resonance of rod arrays with a small material filling factor. For a rod radius of 85 nm, our fabricated Si rod-array emitters exhibit a high emissivity of 0.77 at a wavelength of 790 nm for the vertical direction, along with a low emissivity of \<0.02 to 0.05 in the 1100- to 7000-nm wavelength range at 1273 K. When the rod radius is 105 nm, the experimental emissivity is 0.62 at a wavelength of 915 nm and \<0.02 to 0.05 for the 1200- to 7000-nm wavelength range. In addition, theoretical calculations showed that optimized Si rod-array emitters with a rod radius of 105 nm (190 nm) can convert 59% (84%) of the input power into emission at wavelengths shorter than 1100 nm (1800 nm) at 1400 K. We believe that our approach constitutes a promising new route toward thermal emission control and that this method can be extended to deep within the visible range by using other semiconductors with a higher bandgap and the ability to withstand higher temperatures, including SiC. Moreover, the combination of our approach and the selective-mirror approach ([@R13]--[@R16]) will yield a large synergetic effect on the improvement of energy utilization efficiency because this will allow the temperature increase of the mirror to be suppressed significantly.

MATERIALS AND METHODS
=====================

Materials
---------

We prepared SOI substrates with a 500-nm-thick top Si layer and a 1000-nm-thick SiO~2~ layer on a 700-μm-thick Si substrate. After the top Si layer was coated with an electron beam resist (ZEP520A), rod-array patterns with areas of 1 mm × 1 mm were drawn using electron beam lithography, in which the patterns were transferred to the top Si layer via an SF~6~-based plasma etching process. Next, the bottom Si substrate was ground to a thickness of 100 μm, and the residual Si substrate under the rod array was removed using a dry etching process over a 2.4-mm-diameter area. This procedure was necessary to avoid thermal emission from the Si substrate.

Methods
-------

The optical measurements were conducted using a microscope-based spectroscopy system. The sample was placed on a ceramic heater in an Ar-filled (\~800 Pa) chamber. The heater had a 1.8-mm-diameter hole in the center, and the position of the rod-array area of the sample was adjusted relative to the hole to avoid observation of the heater emission. The sample emission was collected by a BaF~2~ lens with an effective numerical aperture of 0.05. An image of a 400-μm-diameter portion of the emitter area was selected using a pinhole situated at the intermediate focal plane. This image was then transferred to a grating-type spectrometer equipped with Si and InGaAs detector arrays or to an FTIR spectrometer equipped with an HgCdTe detector. All detectors were cooled with liquid nitrogen. The observable wavelength ranges were 500 to 1100 and 900 to 1600 nm for the spectrometer with the Si and InGaAs detector arrays, respectively, and 1430 to 8000 nm for the FTIR spectrometer with the HgCdTe detector.
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fig. S1. Spectral irradiance of the sun \[air mass 1.5 global (AM1.5G)\] and blackbody radiation spectra integrated over a hemisphere at various temperatures.

fig. S2. Theoretical absorption coefficient of Si at various temperatures on a linear scale and a log-log scale.

fig. S3. Theoretical thermal radiation power density spectra of structurally identical Si rod-array emitters with different doping densities at 1400 K.

table S1. Doping density dependence of the energy utilization efficiency of structurally identical Si rod-array emitters.
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